The photosynthetic marine flagellate Micromonas pusilla (Butch.) Manton et Parke (Prasinophyceae) and its cytoplasmic virus, M. pusilla virus (MPV), were cloned. Host cells were maintained in liquid culture. Infectivity titration was by endpoint dilution, using loss of host chlorophyll as an indicator of the presence of infective virus. The virus growth cycle was characterized by an eclipse period of 3 h, a latent period of 7 h and a total lytic cycle of 14 h. The average burst size was 72 infective particles per cell. Inhibition of CO2 photoassimilation began 2 h after inoculation with virus. An almost immediate decrease in in vivo chlorophyll a fluorescence in infected cells was lightdependent. M. pusilla cells can mutate to virus resistance at the cell surface. Host range mutants of MPV exhibited variable infectivity in different strains of M. pusilla.
INTRODUCTION
A cytoplasmic virus and its infection of the ubiquitous marine phytoflagellate Micromonas pusilla (Butch.) Manton et Parke (Chlorophyta: Prasinophyceae) (Manton, 1959; Manton & Parke, 1960) have been described by Mayer (1978) and Mayer & Taylor (1979) . M. pusilla virus (MPV) was first reported by Pienaar (1976) , though transmission was not observed at that time.
The virus-host system was established by one of us (R.W.) in May 1975, as described by Mayer (1978) and Mayer & Taylor (1979) . Mayer (t978) found morphological similarities to the icosahedral cytoplasmic deoxyriboviruses (for review, see Stoltz, 1971 ) but reported such severe loss of virus during purification as to preclude characterization.
It has not been possible to culture M. pusilla axenically as it has unknown organic requirements. At present it can at best be grown monoxenically with some species of bacteria (M. R. Droop, personal communication; R. E. Waters, unpublished results). M. pusilla, a very small (1.5 to 2 ~tm), naked and highly motile unicell, is purely planktonic and will not grow on solid medium. It may be grown in liquid batch culture in any of the commonly used inorganic seawater media (see McLachlan, 1973) .
Eukaryotic algal viruses are a poorly studied group (for review, see Sherman & Brown, 1978) . This algal virus system is of particular interest as the host cells are naked at all times, a feature more commonly associated with animal cells.
METHODS
Cloning, culturing and infectivity titration. The culture medium used was ESNW (Harrison et al., 1980) . The host cells were cloned four times by diluting in culture medium to an average 0.1 cells per lO ml medium in each of 50 tubes, on each occasion retaining the last culture to grow up. Cell counts were made on a haemocytometer, following fixation with Rodhe's (Lugol's) iodine (Rodhe et al., 1958) . Monoxenic host cultures were maintained in 100 ml amounts at 16 °C under daylight fluorescent lamps at approx. 3 klux on a 14 h light/10 h dark cycle, subculturing (4 ml culture to 100 ml fresh medium) once a week. Under these conditions cells in exponential growth divide three times every 48 h, with fission occurring asynchronously and mainly in the latter half of the light cycle and the first two-thirds of the dark cycle.
The virus was sterilized by filtration through a 0.22 lam Millipore filter. Infectivity titration was by endpoint dilution, using triplicates in the region of the expected endpoint and repeating with 10 replicates of the limiting dilution. Ten ml cultures in tubes (cell concentration approx. 5 x 105/ml) and a 1 ml virus inoculum were used. With a sample size of 10 the width of the 90% confidence limit ranged from 0-31 to 0.64. After titration the virus was cloned five times by inoculation of 0.1 infective particles per clonal host culture, each time retaining the last lysed culture as the new virus stock. Monthly passaging involved inoculation of 100 ml culture containing 109 exponential phase cells with 4 ml of lysate.
The virus growth cycle. The conventional one-step growth experiment was not possible in the absence of a plaque assay. It was therefore necessary to infect all the cells in a culture of known concentration and titrate free virus. Culture conditions were as described above.
At 1 h before the end of the dark period an 80 ml exponential phase culture ofM. pusilla was inoculated with 20 ml virus stock, givingan m.o.i, of 28 and a resulting cell concentration of 7.1 × 106/ml. After 1 h incubation in the dark, unadsorbed virus was removed by sedimenting the cells at 1400 g for 5 min. The ceils were immediately resuspended in 'tempered' medium filtered from an uninfected early exponential phase culture, a necessary procedure to avoid shock and maintain exponential growth. The supernatant was centrifuged at 12000 g to ensure removal of all cells, and the unadsorbed free virus titrated. A 1 ml amount of the infected culture was diluted in 1000 ml 'tempered' medium to reduce the chances of readsorption. Every 1 or 2 h for the next 17 h 20 ml of the diluted culture was centrifuged at 12000g and the supernatant virus titrated. As a control for non-virus-related cell deaths, cells from an uninfected duplicate culture were treated in the same manner. Cells in an advanced stage of lysis are distinguishable by their fuzzy outline when viewed under phase-contrast at a magnification of x 600. Cell counts were taken and microscopical observations made in order to learn whether they could be used to determine the length of the latent period, and to check the condition of the control culture. Counts were made in settling chambers on an inverted microscope. The average yield of virus per cell was determined from the increase in supernatant virus after completion of lysis (at 18 h) and the 5 h cell count.
IntraceUular virus was freed from the cells by lysing them in distilled water and sonicating for 3 min in a Fisher-ITEC 300 sonic dismembranator with standard probe, set at 30% on an arbitrary scale of 0 to 90% (maximum 300 accoustical W). Titration of total virus followed. A virus sample of known infectivity was unaffected by this treatment. The infectivity of MPV is stable in distilled water for at least 60 min. It is destroyed by chloroform.
Effects on C02 photoassimilation and chlorophyll afluorescence. At 1 h before the end of the dark cycle a 900 ml mid-exponential phase M. pusilla culture containing 3 x 109 cells was inoculated with 100 ml virus stock to give an m.o.i, of 27. A 100 ml amount of culture medium was added to a duplicate control culture. After 1 h of incubation, 100 ml amounts were dispensed into 125 ml Pyrex bottles (duplicate light and dark bottles), each of which was subsequently inoculated with 2.5 vtCi Na214CO3 . The remaining cultures were incubated in the light and used for cell counts and chlorophyll a fluorescence measurements. The samples were incubated at 16 °C.
A 5 ml sample was taken from each bottle at frequent intervals and the cells collected on a 0-45 ~tm Millipore filter which was then exposed to HCI fumes for 20 s to remove residual radioactive inorganic carbon. After dissolving the filter in 15 ml Scintiverse scintillation fluor (Fisher Scientific Co., Fairlawn, N.J., U.S.A.), radioactivity in the cells was determined by an ISOCAP/300 liquid scintillation spectrometer with external standards. Calculation of carbon uptake was according to Strickland & Parsons (1972) , assuming the inorganic carbon content of the sea-water medium to be 21 mg carbon per 1 at a salinity of 30%0. Figures for carbon photoassimilation were given by the difference between uptake in the light and in the dark in order to cancel out any bacterial uptake. Dark uptake did not exceed 2% of light uptake at any time.
Cell counts were made at frequent intervals. Chlorophyll a fluorescence was measured with a Turner Model III fluorometer equipped with a blue (Coming 560) primary filter and a red (Coming 2-64) secondary filter and temperature control. All measurements were made until near the end of the lytic cycle.
Host range mutation. Lysis of cultures was invariably incomplete. Very small numbers of cells, having apparently resisted infection, grew up into dense cultures in the lysates. Since the presence of these cells was only evident following lysis of a culture by virus, it was necessary to determine whether resistance to virus was due to acquired immunity or mutation occurring independently of the action of virus. A test was carried out along the lines of the distribution experiment of Luria & Delbriick (1943) , preliminary tests having established the conditions needed for a satisfactory distribution of resistant cells. One-hundred 20 ml cultures were set up, each with a small inoculum (100 cells) to minimize the chances of resistant cells being introduced with the inoculum and ensure that the majority present at the time of infection had originated from susceptible cells. The cultures were started in 'tempered' medium. After 12 days incubation each culture (containing 5-2 x 106 cells + 6%) was inoculated with virus at an m.o.i, of 30. Apparently, complete lysis of all cultures followed within 24 h. The lysates were examined after a further 12 days incubation.
RESULTS

Infectivity titration
The endpoint was clearly visible within 5 to 6 days of inoculation, non-appearance (or loss) of visible pigmentation (yellow-green) indicating the presence of infective virus. The uninfected cultures, having reached a density of approx. 1 x 107 cells/ml, continued to grow for a few days before passing into senescence for a further 2 weeks, during which time they were still subject to lysis following the addition of infective virus. The course of a titration is illustrated in Fig. 1 where loss of pigmentation is represented by a drop in chlorophyll a fluorescence. The infectivity of an untreated lysate was found to be stable for 2 months at 4 °C in the dark, with a 90~ loss after 12 months. 
The virus growth cycle
The amount of unadsorbed virus remaining after 1 h of incubation was 1 x 107 infective particles/ml. In the first hour, 95 ~ of the virus was adsorbed. A further 80 ~ of the remainder was removed by centrifugation. Therefore, at an m.o.i, of 28 and a cell concentration of 7-1 x 106/ml all susceptible cells should have been infected during the first hour (according to Poisson distribution). Mayer (1978) and Mayer & Taylor (1979) first observed complete particles of intracellular virus 3 h after inoculation; the total virus curve (see Fig. 2 ) supports these findings.
Although 90~ of the cells were still intact after 7 h, few were motile and 50~o of the cells had lysed by 9 h. It is apparent from the cell counts and the supernatant virus curve (Fig. 2) that the length of the latent period in individual cells ranges from 7 to 14 h, possibly due to variation in the maturity of the cells and in their ability to support virus replication, resulting from asynchronous division. The 5 h cell count was 5-5 x 103/ml and the final titre of supernatant virus was 4 x l0 s infective particles/ml, giving an average burst size of 72. There is no sudden burst as in bacteriophage systems, progeny virus being released in a number of small expulsions (Mayer, 1978; Mayer & Taylor (1979) . Localized rupture of the host plasmalemma appears to take place in regions where particles of progeny virus have made contact with the internal surface of the plasmalemma (Mayer, 1978) .
Multiplicities of infection of 50 to 1000 did not alter the minimum length of the latent period as determined from the first appearance of significant numbers (10~o) of lysed cells. Lysis of otherwise healthy cells has never been observed without accompanying replication of virus (J. A. Mayer, personal communication). slight increase in cell number between 9 and 12 h coincided with the beginning of a period of increased cell division in the uninfected culture (Fig. 3a) . As this was only 3 h before the end of the lytic cycle it appears that some cells were still capable of division while in a fairly advanced stage of infection. There was a significant decrease in CO2 photoassimilation by 2 h after inoculation with virus but the infected cells retained part of their photosynthetic capacity until near the end of the lytic cycle (Fig. 3 b) .
CO 2 photoassimilation and chlorophyll a fluorescence
Chlorophyll a fluorescence in the control culture remained fairly constant during the first 6 h (Fig. 3 c) . The increase during the later part of the light period coincided with the period of increased cell division. Virus infection caused an almost immediate decrease in in vivo chlorophyll a fluorescence, not attributable to a drop in cell number, and by 7 h chlorophyll fluorescence had decreased by 42 ~ while only 10 ~ of the cells had lysed. The slight increase between 7 and 10 h suggested that some cells were still synthesizing chlorophyll, possibly the same cells that underwent division. By 14 h the fluorescence reflected mainly the presence of released rather than in situ chlorophyll as most of the cells had lysed.
In another experiment conducted under the same conditions, the initial decrease in in vivo chlorophyll a fluorescence in an infected culture was found to be light-dependent (Fig. 4) .
Host range mutation
Twenty-six lysates from the set of 100 cultures were found to contain variable numbers of cells, ranging from 3.3 × 103/ml to 4.6 × 103/ml (13 cultures), 1.1 × 104/ml to 4.3 × 104/ml (11 cultures) and 1.9 × 105/ml to 2.8 × 105/ml (2 cultures). These cells could be grown up into dense cultures which did not lyse when inoculated with 1 × 101° infective virus particles. No surviving cells were present in the remaining 74 tubes. Using Luria & Delbriick's (1943) equations the rate of mutation was found to be 1 per 24 cell divisions. The frequency of these ceils was not altered by increasing the virus inoculum by 10-and 100-fold.
Some of the virus-resistant cells were cloned and maintained in culture. There were no detectable ultrastructural or behavioural differences between these cells and the virus-susceptible cells cultured under the same conditions. No latent infection was apparent following heat treatment (Hoffman & Stanker, 1976) , treatment with mitomycin C (Cannon et al., 1971 ) and u.v. irradiation. There was no change in virus titre after incubation with these cells for 0.5, 2, 8, 24, 72 or 120 h. Uninfected cultures of the two host strains were disintegrated in the Fisher-ITEC dismembranator (set at 50~ for 5 rain), inoculated with virus at an m.o.i, of 1, and samples withdrawn and titrated after 4 h incubation. The virus-susceptible cell preparation had inactivated 95 ~ of the infective virus while the virus-resistant cell preparation had not affected it.
A mutant virus strain, confirmed by electron microscopy to be capable of infecting and lysing the mutant M. pusilla cells, was occasionally found in lysates of the wild-type. Its frequency in wild-type phage stocks was not determined but appeared to be less than 1 in 1012. If this mutant was produced as a result of spontaneous mutation two or more genes may be involved. The wildtype M. pusilla, now designated 29-1, was also susceptible to infection and lysis by the new virus strain, MPV2, which reverted to the wild-type, MPV1, after repeated passage in 29-1. After several passages through clonal cultures of the mutant M. pusilla strain (29-2), MPV2 was cloned. Successive mutations yielded further strains: host strain 29-3, resistant to MPV1 and MPV2 but susceptible to MPV3 (which occurred at a frequency of 1 in 108 infective particles of MPV2), and host strains 29-4 and 29-5, resistant to MPV1, MPV2 and MPV3 but susceptible to MPV4 (which occurred at a frequency of 1 in 106 infective particles of MPV3). Virus susceptibility of the different host strains is shown in Table 1 .
The complete system is more complex than this. Other strains were obtained by working with very small quantities of host cells and virus, isolating the virus-resistant cells very soon after lysis of the susceptible population; some of these could not be maintained in culture which is suggestive of lethal mutation. The fact that all the host strains in culture are completely susceptible to lysis by a strain of MPV provides good evidence that none of them is lysogenic (Hayes, 1968) . They have been stable for 3 years.
There was a wide variation in the infectivity of identical virus samples titrated in cultures of different host strains under the same conditions (Table 1 ). The time taken for the endpoint virus inocula to effect visible lysis also varied from 5 to 10 days, e.g. MPV1 and MPV4 respectively, titrated in 29-1. The length of the lytic cycle did not vary greatly. Provided that the virus inoculum was sufficient to give an m.o.i, of 20, lysis began at 7 h and was 99.9 ~ complete in all systems within 16 h. Only two burst sizes were obtained: MPV1 infecting 29-1, 72 infective particles/cell and MPV2 infecting 29-1, 8 infective particles/cell, using 29-1 for the titrations. Electron microscopic examination of negatively stained samples of MPV 1 and MPV2 obtained from the same number of 29-1 cells revealed a 10-fold difference in numbers of physical particles also.
DISCUSSION
The general pattern of the growth cycle of MPV is similar to that of the cyanophage LPP-1G in Plectonema boryanum (Padan et al., 1970) , as is the generation time of the host cells. The MPV growth cycle: effect on host C02 uptake 205 significant reduction in the photoassimilation of CO2 soon after infection began was observed in both systems (Ginzberg et al., 1968) , but unlike P. boryanum, in which photosynthesis was completely inhibited 5 h after inoculation with virus and long before significant lysis occurred, M. pusilla continued to fix carbon photosynthetically, though at a reduced rate, until near the end of the lytic cycle. Looking at cell numbers and chlorophyll a fluorescence in the infected cultures ( Fig. 2 and 3 ) there was a plateau or rise between 9 and 12 h which is difficult to account for. The virus inoculum should have been sufficient to infect all susceptible cells but we do not know if the cells can support virus replication at all stages of their life cycle. Here one is observing a mass effect in cultures in which the individual cells are not all in synchrony. Since the division rate is 3 divisions/48 h, the cell cycle is not tightly coupled to the light/dark cycle.
Lysis from without, which caused the initial drop in CO2 uptake by P. boryanum (Ginzberg et al., 1968) has not been observed in this system.
The almost immediate reduction in chlorophyll a fluorescence in the virus-infected cells is analogous to the chlorotic effect of some higher plant viruses on their hosts (Matthews, 1973) . We have as yet no explanation for its light dependence. Padan et al. (1970) observed that the latent period of the infection cycle of LPP-1 G virus in P. boryanum was inversely related to the length of the illumination period after infection. Preliminary experiments conducted under the conditions of the CO2 experiment have shown that keeping M. pusilla cells in the dark from the time of infection until the end of the lytic cycle prolongs the latent period by 2 to 3 h, as determined from observations of cell condition and numbers.
There is a characteristic type of distribution of virus-resistant cells in a set of cultures of equal density (though not replicates) that results from spontaneous mutation (Luria & Delbr/ick, 1943) . Although it was not possible to determine the number of resistant cells present immediately following lysis of the susceptible population, the fact that there was a very wide fluctuation in numbers of their offspring is suggestive of spontaneous mutation, particularly as the frequency of virus-resistant cells was unaffected by the amount of virus present.
The inactivation of virus by disintegrated cells of a susceptible host strain, but not those of a resistant strain, is a strong indication of the presence of specific virus receptor sites in the host plasmalemma. The variable infectivity of the mutant MPV strains may be due to 'restriction' within the cells (Fenner et al., 1974) or resistance due to the absence of suitable receptors. Either way there is evidently a degree of heterogeneity in what appear to be single virus strains, but without knowledge of the biochemistry of this virus and its host little can be said at present.
M. pusilla is widespread in both oceanic and coastal waters (Throndsen, 1976) . Its concentration can be as high as 108 cells/l, as recorded in Jervis Inlet, British Columbia, in July 1977. Ten sea-water samples collected in British Columbian coastal waters in the spring and summer of 1981 contained between 104 and 107 units/l of a lytic agent, apparently specific to M. pusilla.
However, we did not ascertain whether MPV was the sole causative agent present. There was no evidence of selection pressure in 16 MPV-infected samples tested (all M. pusilla cells isolated from the latter were the wild-type) and it may be that other factors in the marine environment prevent M. pusilla populations from remaining stable long enough for the virus infection to spread throughout them, unlike the situation with fresh water cyanophytes (Safferman & Morris, 1963) .
